INTRODUCTION {#SEC1}
============

The G-rich oligonucleotide sequences containing tandem G-stretches can fold into tetra-stranded DNA structures called G-quadruplexes (G4s) that may play an important role in biological processes such as immunoglobulin gene rearrangements, promoter activation and telomere maintenance ([@B1]). Many factors such as sequence, cationic species and concentration, small molecule ligands, molecular crowding and more affect the stability of G4s and induce the formation of polymorphs ([@B2]--[@B4]). Furthermore, the existence of complementary C-rich strands has significant impact on the G4 DNA formation ([@B5]) and under slightly acidic conditions such C-rich sequences can form their own tetra-stranded non-canonical secondary structure known as an i-motif ([@B6]). Such C-rich strands with the potential to fabricate i-motif scaffolds are frequent in the human genome ([@B7]) and may also have crucial importance in biological functions ([@B8]).

In a G4, Hoogsteen hydrogen bonds connect guanines within quartets, which stack with mono- or divalent cations in the central channel to enhance its stability (Scheme [1A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}) ([@B9]--[@B11]). For unimolecular and bimolecular G4s the paths of various loops connecting stacked G\'s above grooves must also be considered. In contrast, an i-motif is made up of two parallel duplexes held together by hemi-protonated cytosine-cytosine (C•CH^+^) pairs (Scheme [1C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}) ([@B12],[@B13]). These duplexes are alternatively intercalated in an antiparallel orientation to form a stable and long-lived four-stranded nucleic acid secondary structure that is stabilized by π--π and electrostatic interactions ([@B6],[@B8],[@B14]). Compared to antiparallel B-form Watson--Crick (WC) duplex structures, quadruplex structures may be more flexible and functional due to their richer base stacking and abundance of ligand binding sites ([@B8],[@B9]).

![Schematic descriptions of (**A**) a G-quartet linked by Hoogsteen hydrogen bonds, (**B**) the chelation cage formed by eight O~6~ atoms of guanines and K^+^; (**C**) a C•CH^+^ base pair, (**D**) two pairs of maximally intercalated C•CH^+^ base pairs.](gkw1049fig7){#F7}

The simple fact that sequential runs of G\'s or C\'s occur more frequently in the genome than expected by random chance, indicates that they are likely to have biological significance ([@B15]). Previous studies demonstrate that poly\[d(G + C)\] oligonucleotides can easily form different types of duplexes, for example, B-form, A-form or Z-form ([@B16],[@B17]) and sometime even quadruplexes ([@B18]--[@B20]). In addition, studies have revealed that the C-runs or cytosine residues in (G + C)-rich oligonucleotides significantly affect the formation ([@B21]) and stability of G4s ([@B22],[@B23]). Mao and his research group show that for certain double-stranded sequences, the formation of G4s and i-motifs is mutually exclusive even under a favorable condition, which is mainly governed by steric hindrance in the double helix structure ([@B24],[@B25]). Earlier studies also show that tetra-stranded i-motif structures formed by five consecutive cytosines have comparable stability to ten-base-pair-long duplexes ([@B26]). However, as yet, there are no systematic investigations into the influence of guanine residues or complementary G-runs on the formation of i-motif structures. Here, we show that in the right context this i-motif remains stable in the presence of a run of three or more G\'s; thus, intermolecular i-motif structures can outcompete intermolecular WC pairs with the right sequence and conditions.

DNA scaffolds with specific structural features and remarkable molecular recognition properties are one of the most promising materials for building nanoscale structures. Two principles for DNA macromolecular design have emerged over the past three decades: first, DNA secondary structures can serve as monomeric units; second, these monomers must have flexibility in order to further assemble into larger structures ([@B27],[@B28]). The principles have allowed the assemblage of DNA supramolecular complexes into precise topological structures ([@B29],[@B30]) and crossover DNA tiles ([@B31],[@B32]). We believe that i-motif assemblies should be excellent construction modules to facilitate supramolecular DNA complexes due to their ability to assemble specifically and the flexibility of the motif ([@B33]). For example, oligonucleotide hybrid supramolecules composed of parallel or antiparallel duplexes and tetrameric i-motifs have been reported by Mei *et al*. ([@B34]). Others have shown that complementary DNA fragments ([@B26]) and C-rich repeats ([@B35],[@B36]) located at the terminal of tetra-stranded i-motifs also act as flexible building blocks to allow the assembly supramolecular DNA structures via the formation of double helices and tetra-stranded i-motif structures. However, none of these systems have both C\'s and G\'s in the same oligonucleotide that each contribute to distinct tetraplexes. There is a special problem that G\'s and C\'s present in the same oligonucleotide may complement each other if the strand folds on itself or contribute to the formation of competing duplexes between strands. We postulate that with appropriate restrictions tetra-stranded i-motif structures can bear terminal G-repeats capable of folding into four-stranded G4s that contribute to the assembly of DNA nanowires containing both G4s and i-motifs.

In this work, short DNA strands d(TG~i~TC~5~T) and d(TC~5~TG~i~T) (i \< 5) are explored as the primary sequences to evaluate the above postulates. Thymines are used as the 'spacers' because they stabilize i-motif structures either in the middle or at the end of C-rich strands ([@B37],[@B38]), and they are less prone to stacking or pairing with guanines ([@B39]). The rational investigation of C-runs with spacer and flanking residues has directed us to model i-motifs that can bear longer G-runs for the formation of G4s. To our knowledge, this is the first systematic study of DNA sequences composed of C- and G-runs and their assembly simultaneously into both i-motifs and G4s in a designed fashion.

MATERIALS AND METHODS {#SEC2}
=====================

Materials and sample preparation {#SEC2-1}
--------------------------------

The oligonucleotides (OPC grade for ordinary sequences and HPLC grade for the modified sequence) were synthesized by TaKaRa Biotechnology Co., Ltd. (Dalian, China) and used as received. The DNA fragments studied here are listed in Table [1](#tbl1){ref-type="table"}. Stock solutions of the oligonucleotides were prepared by directly dissolving the lyophilized powder in Milli-Q water to approximately 1 mM and were stored at −20°C. Accurate concentration of the oligonucleotides were obtained from their UV absorbances at 260 nm at 90°C using molar absorptivities tabulated at the website (<http://scitools.idtdna.com/scitools/Applications/oligoAnalyzer>).

###### Sequences of oligodeoxynucleotides studied here

  DNA sequence   MW        DNA sequence         MW
  -------------- --------- -------------------- ---------
  TC~5~T         1991.37   TG~3~AC~5~T          3291.58
  TGTC~5~T       2624.47   TG~3~AC~5~           2987.54
  TG~2~TC~5~T    2953.52   G~3~AC~5~T           2987.54
  TG~3~TC~5~T    3282.57   TG~4~AC~6~           3605.64
  TC~5~TGT       2624.47   TG~4~A~2~C~6~        3918.69
  TC~5~TG~2~T    2953.52   TG~4~AC~7~           3894.68
  TC~5~TG~3~T    3282.57   TG^Br^GG^Br^GAC~7~   4050.52
  TG~3~C~5~T     2978.53                        

For the supramolecular DNA assembly, 40--100 μM of each oligomer was placed in pH 4.5 (acetic acid--acetate) or pH 9.0 (acetate--ammonia-water) buffer solution with different counter ions (50--100 mM NH~4~^+^, Li^+^, Na^+^ or K^+^ ions). Samples were heated in a 90°C water bath for 15 min and slowly cooled to room temperature (about 10 h), followed by equilibration at 4°C for more than 4 days.

Mass spectrometry {#SEC2-2}
-----------------

Mass spectrometric analysis was performed in ESI negative-ion mode on an ESI-Q-TOF (micrOTOF-Q II, Bruker, Breman, Germany) mass spectrometer controlled by Bruker *ESI Compass Data Analysis 4.0* software. This system can measure *m/z* in the range 50--3000. The samples were infused directly into ion source at a flow rate of 3 μl min^−1^. Optimal soft ionization conditions for quadruplex structures were found using the oligomer d(G~4~T~4~G~4~) to tune the instrument to produce abundant \[(dG~4~T~4~G~4~)~2~ + 3NH~4~\]^5−^ ions as described previously ([@B37],[@B40]). These conditions also produce good spectra for i-motifs ([@B37]). Before the MS analysis samples were diluted with an equal volume of methanol solution 60% in water in order to obtain a good spray ([@B41]). The data collection time was 0.6 min for each spectrum. For MS/MS experiments, precursor ions were selected and isolated in the quadrupole and then fragmented in the collision cell. The in-source collision induced dissociation (ISCID) energy was set at 50 eV. The collision energy was varied over the range of 10--30 eV.

MS ion distribution analysis {#SEC2-3}
----------------------------

The gas phase ion abundances and theoretical isotope distributions were obtained by using Bruker *ESI Compass Data Analysis 4.0* software. The percentage (TP) of each ion species is calculated using Equation ([1](#M1){ref-type="disp-formula"}): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}TP = \frac{{{I_{nM}} \times {\rm{n}}}}{{{I_M} + {I_{2M}} \times 2 + {I_{3M}} \times 3 + {I_{4M}} \times 4}} \times 100{\rm{\% }}\end{equation*}\end{document}$$ where the numerator is the sum of all strands in one ion species, and the denominator is the sum of all strands in all ions. Each *I* is the intensity of detected ion in different charge states. For simplicity, the ion species such as fragment ions in the gas phase and hydrolyzed ions in solution were not counted here due to their low abundance or low influence on the overall results. Additionally, when a sequence generated a series of \[4M + yNH~4~\]^x−^ ions (y = 0 ∼ 3), only the strongest ion peak was counted. When the peaks from monomers and dimers overlap with the tetramer, their intensities are subtracted from the tetramer intensities based on the calculated isotopic profiles. Similarly, isotopic profiles were also used to estimate intensities of peaks with *m/z* out of range.

Cd spectroscopy {#SEC2-4}
---------------

CD spectra were recorded on a J-810 CD spectrometer (JASCO, Tokyo, Japan) using 0.2 mm path length Hellma cell at the room temperature. Each sample of 40 μM DNA strand was dissolved in 50 mM NH~4~OAc or LiOAc (pH 4.5 or 9.0). Spectra were recorded from 320 to 200 nm as the averages of three scans. Each trace was measured at 100 nm/min of scanning speed, with 2 s response time, 1 nm data pitch and 1 nm bandwidth. The background spectra corresponding to the buffer alone were subtracted from all DNA spectra. Characteristic peaks of various nucleic acid structures are listed in Supplementary Table S1.

UV absorption spectrophotometry {#SEC2-5}
-------------------------------

UV absorbance versus temperature melting profiles were obtained using a UV-2550 spectrophotometer (SHIMADZU, Kyoto, Japan) equipped with a S-1700 temperature controller and measured at 260, 265 and 295 nm, respectively, according to previous reports ([@B42],[@B43]). The samples with final DNA concentrations of 40 μM dissolved in 50 mM LiOAc at pH 4.5 or 9.0 were used for UV experiments. In each step, the temperature was increased by 0.5°C and equilibrated for 0.5 min before recording the absorbance. The absorption cell was sealed to avoid solvent evaporation, and the gas bubbles generated in heating process were removed by stirring.

Native gel electrophoresis {#SEC2-6}
--------------------------

Gel electrophoresis was run with an 8% poly/acrylamide gel at 4°C controlled by a condenser circulating water system. 2-(N-morpholino) ethanesulfonic acid monohydrate (MES, pH 4.5, 50 mM) buffer was used to prepare the gel as well as the running buffer, which was further supplemented with 100 mM KOAc. Each sample used for Native Gel Electrophoresis contained 100 μM DNA strand and 100 mM counter ions (either Li^+^, Na^+^ or K^+^ ions) at pH 4.5 or 9.0. The electrophoresis was performed for 3 h at 150 V. Results were visualized by Ultrapower™ visible light transilluminator (Bioteke, Beijing, China) after using Gelgreen DNA staining agent (Biotium) in 100 mM NaCl. The gel image was enhanced using a grayness transform by using Adobe Photoshop CS6 software to reduce background interference.

Atomic force microscopy {#SEC2-7}
-----------------------

Atomic force microscopy (AFM) was performed on mica surfaces that bind nucleic acids with bridging magnesium ions ([@B44]). Here, the DNA samples (100 μM of each DNA) were annealed in different buffers containing 100 mM cations at 4°C for 1 week. Then aliquots were diluted with 2 mM MgCl~2~ aqueous solution to give a 20 μl analyte containing 1.5 μM DNA. The analytes were incubated on freshly cleaved mica plates for 5--8 min. After that, excess fluid was removed. Then the mica plates were washed carefully and repeatedly with Milli-Q water, and left to air-dry, in a clean container to prevent dust settling. AFM analysis was in tapping mode with a Nanoscope IIIa scanning probe microscope (Bruker) from Digital Instruments utilizing NANOSENSORS™ PPP-NCHR AFM probes. If necessary, the AFM images were processed by flattening to remove the background slope and adjusted for contrast and brightness.

RESULTS AND DISCUSSION {#SEC3}
======================

We seek to create a supramolecular structure in which one oligonucleotide contributes a run of C\'s to an i-motif and a run of G\'s to a G4. We use mass spectrometry to observe multimeric complexes of the oligonucleotide. I-motif anions will have a mass that is simply the sum of the four strands with the appropriate number of hydrogens to give the observed charge. G4 anions require *n*-1 cations (here NH~4~^+^) for *n* G-quartets assembled. The structural arrangement is confirmed by CD. Since i-motifs only form under acid conditions, the CD difference spectrum resulting from a pH 9.0 spectrum subtracted from a pH 4.5 spectrum reveals the i-motif contribution. For G4s, we use cation dependence: K^+^ supports parallel quartet stacking, while Na^+^ shows preference for antiparallel stacking and NH~4~^+^ falls in between these two cations based on the nature of sequences, but Li^+^ does not support any stacking of G-quartets ([@B3],[@B45],[@B46]). Thus, the CD difference spectrum of a sample in the presence of NH~4~^+^ minus the spectrum in Li^+^, gives the G4 contribution. See SI for a table of characteristic CD peaks for different DNA structures.

The influence of the location of guanine residues or G-stretches on the tetramolecular i-motif formation {#SEC3-1}
--------------------------------------------------------------------------------------------------------

Suitable solution conditions for the formation of tetrameric i-motifs were determined by studying the oligonucleotide d(TC~5~T). MS spectra showed abundant tetramolecular ions of d(TC~5~T) (including \[4M\]^5−^ at *m/z* 1592.69 and \[4M\]^4−^ at *m/z* 1991.12) in pH 4.5 NH~4~OAc buffer, containing 50 mM NH~4~^+^. These tetrameric species disappeared when the solution pH was adjusted to 9.0, indicating the formation and dissociation of tetrameric i-motifs (Supplementary Figure S1a and b) in accordance with our previous results ([@B37]).

We investigated the influence of guanine residues or G-runs on the formation of i-motif structures and the competition between WC duplex and i-motif structures using the sequences d(TG~i~TC~5~T) and d(TC~5~TG~i~T) (*i* = 1, 2, 3). The spectra in Supplementary Figure S2 indicate that both d(TGTC~5~T) and d(TC~5~TGT) (*i* = 1) form four-stranded i-motifs under acidic conditions, but that the 3′ terminal GT produces less. Specifically, the tetrameric ions (\[4M\]^7−^ at *m/z* 1499.36, \[4M\]^6−^ at *m/z* 1749.36 and \[4M\]^5−^ at *m/z* 2099.42) in the MS spectra (Supplementary Figure S2a and b) and the CD maximum at 288 nm and minimum at 265 nm (Supplementary Figure S2c) all indicate the presence of i-motif tetramers ([@B47]) and that they are more prominent in d(TGTC~5~T). We have previously demonstrated that short C-rich strands facilely form duplexes with C•CH^+^ pairs under acidic condition and can be observed along with tetrameric i-motifs ([@B37]). Consequently, the low-abundance duplex ions observed here are mainly C•CH^+^-containing duplexes (C-duplex) since there are insufficient complementary G and C bases between two oligonucleotides to create WC duplexes (Supplementary Figure S2a and b).

The two oligonucleotides d(TG~2~TC~5~T) and d(TC~5~TG~2~T) show the same tendency, with an even greater inhibition of i-motif formation by a 3′ tailing G~2~T. The d(TG~2~TC~5~T) sequence assembles into a tetrameric i-motif structure in acidic solution, as supported by the observation of tetrameric ions (\[4M\]^7−^ at *m/z* 1687.57 and \[4M\]^6−^ at *m/z* 1968.99) and the characteristic CD signature of the i-motif structure (Figure [1A](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). However, d(TC~5~TG~2~T) only produces the duplex ions (\[2M\]^5−^ at *m/z* 1181.01, \[2M\]^4−^ at *m/z* 1476.26 and \[2M\]^3−^ at *m/z* 1968.68) and no i-motif tetrameric ions were observed (Figure [1B](#F1){ref-type="fig"}). We propose that the bimolecular ions observed under acidic conditions may correspond to two types of duplex structures: a C•CH^+^-containing-duplex as well as a bulged WC duplex (the C-duplex with five non-intercalated C•CH^+^ base pairs will lose another five hydrogen cations to give the same *m/z* as the bulged WC duplex). In contrast, the bimolecular ions formed under alkaline conditions mainly correspond to the bulged WC duplex, which has no hemi-protonation of cytosines (Supplementary Figure S3). The percentage of \[TC~5~TG~2~T\]~2~ ions decreased from 42.56 to 9.99%, when the solution pH was adjusted from 4.5 to 9.0 (Table [2](#tbl2){ref-type="table"}). If it is assumed that the same fraction of the samples ionize, we can conclude that the proportion of C-duplex and bulge duplex is 3.3 : 1 (32.57% : 9.99%) under acidic condition when the influence of solution pH on the formation of WC duplexes is ignored. Since CD signal of the non-intercalative C•CH^+^ base pair stacking may be weak ([@B48]), the CD spectrum of d(TC~5~TG~2~T) only displays a single positive band around 290 nm. However, the CD difference spectrum obtained by subtracting the pH 9.0 spectrum from the pH 4.5 spectrum (Figure [1F](#F1){ref-type="fig"}, inset) shows the positive band at 288 nm and the negative band at 265 nm, suggestive of parallel C-duplex.

![Mass spectra of assemblies of oligonucleotides with sequences (**A**) d(TG~2~TC~5~T), (**B**) d(TC~5~TG~2~T), (**C**) d(TG~3~TC~5~T) and (**D**) d(TC~5~TG~3~T) at 60 μM in 50 mM NH~4~OAc (pH 4.5) after incubating the samples at 4°C for 4 days; (**E--H**) CD spectra of the four oligonucleotides in the acidic (solid line) and alkaline solutions (dotted line); inset: subtracted CD spectrum obtained by subtracting the CD spectrum in alkaline buffer solution from the CD spectrum in acidic buffer solution.](gkw1049fig1){#F1}

###### The percent abundance of various ion species formed at different pH\'s as measured by mass spectrometry for the various oligonucleotides studied

  Sequence   pH value   M (%)   2M (%)   3M (%)   4M (%)
  ---------- ---------- ------- -------- -------- --------
  TG2TC5T    4.5        67.04   8.95     1.02     22.99
             9.0        88.58   11.42             
  TC5TG2T    4.5        57.44   42.56             
             9.0        90.01   9.99              
  TC3TG5T    4.5        64.57   35.43             
             9.0        84.96   15.04             
  TC5TG3T    4.5        76.61   23.39             
             9.0        89.50   10.50             
  TG3C5T     4.5        67.41   22.21             10.38
             9.0        41.73   54.98    3.29     
  TG3AC5T    4.5        42.04   18.74             39.22
             9.0        86.79   13.21             
  TG3AC5     4.5        18.86   1.19              79.95
             9.0        87.34   12.66             
  G3AC5T     4.5        48.63   22.26             29.11
             9.0        79.88   17.38    2.74     

\*Each data obtained is the average of two measurements.

In contrast, i-motif structures were not formed effectively in acidic solutions when the G-stretches extended to three guanines. Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"} show that only bimolecular ions (including \[2M\]^5−^ at *m/z* 1312.45, \[2M\]^4−^ at *m/z* 1640.81 and \[2M\]^3−^ at *m/z* 2188.35) were detected in mass spectra both for the sequences d(TG~3~TC~5~T) and d(TC~5~TG~3~T). Scheme [2B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"} propose two possible structures for dimers of d(TG~3~TC~5~T): a parallel C-duplex or a bulged double helix. Data of Table [2](#tbl2){ref-type="table"} indicates that the proportions of these two structures are 20.39% : 15.04% (≈ 1.4 : 1) for d(TG~3~TC~5~T) and 12.89% : 10.5% (≈ 1.2 : 1) for d(TC~5~TG~3~T) under acidic conditions. The CD difference spectrum of d(TG~3~TC~5~T) (Figure [1G](#F1){ref-type="fig"}, inset) displays the characteristic CD signature of protonated C-duplex with an approximate 5 nm blue shift for the negative band at 265 nm, while d(TC~5~TG~3~T) shows the two typical peaks of protonated C-duplex, each blue shifted by approximately 5 nm in the CD difference spectrum (Figure [1H](#F1){ref-type="fig"}, inset). Presumably the increase in complementarity allows the formation of more bulged WC duplexes. In addition, CD spectrum of d(TG~3~TC~5~T) shows that a small negative band around 210 nm coexists with the positive band around 260 nm (Figure [1G](#F1){ref-type="fig"}), which implies that the oligonucleotide of d(TG~3~TC~5~T) not only forms the B-form double helix but also forms the A-form hairpin structure (Scheme [2D](#F8){ref-type="fig"}) as has been described by others ([@B49]). In summary, we conclude that runs of three G\'s are detrimental to i-motif formation and that the introduction of G-repeats at the 3′ end hinders the formation of i-DNA tetramers more significantly than their introduction at the 5′ end.

![Schematic drawings of (**A**) 3′ E (end) fully intercalated tetramolecular i-motif formed by d(TG~2~TC~5~T); (**B**) C•CH^+^ base pair duplex; (**C**) and (**D**) WC double helix and hairpin structure with different lengths of flanking residues formed by d(TG~3~TC~5~T); solid wedged bond represents intercalation C•CH^+^ base pair; dashed wedged bond represents non-intercalation; solid stick bond represents WC pairing.](gkw1049fig8){#F8}

We assume that the i-motif structure formed by d(TG~2~TC~5~T) sequence will have two sets consecutive G\'s at each terminus (Scheme [2A](#F8){ref-type="fig"}) available for interchain interactions. The formation of a parallel G4 goes through dimer and trimer intermediates ([@B50],[@B51]). However, two parallel dangling 5′-GGT\'s are unlikely to pair with one another since the tetrameric G4 with only two G-quartets is known to be very unstable ([@B52]).

The effect of central and terminal thymines on tetramer formation {#SEC3-2}
-----------------------------------------------------------------

The oligonucleotide d(TG~3~TC~5~T) has little tendency to form i-motif structure in our experimental conditions. We investigated whether or not the spacer nucleotide at the junction between G- and C-repeats influenced i-motif formation. First we studied the strand d(TG~3~C~5~T), which lacks a spacer base. Supplementary Figure S4 shows that the tetrameric ions of d(TG~3~C~5~T) (including \[4M\]^7−^ at *m/z* 1701.90 and \[4M\]^6−^ at *m/z* 1985.40) are observed at low abundance under acidic condition and the pattern of the CD difference spectrum clearly shows the characteristic CD signature of i-motif without blue shift, suggesting that the lack of a spacer supports formation of i-motifs. However, it is still the case that bimolecular ions (including \[2M\]^5−^ at *m/z* 1190.84, \[2M\]^4−^ at *m/z* 1488.80 and \[2M\]^3−^ at *m/z* 1985.40) corresponding to the WC duplex were abundant under basic condition for d(TG~3~C~5~T) sequence (Supplementary Figure S3e and Data of Table [2](#tbl2){ref-type="table"}). These results demonstrate that the WC duplex formation also becomes more favorable by removing the spacer base. This is likely due to eliminating the mismatch in the middle of double-helix structures.

We then tried d(TG~3~AC~5~T), which substitutes the spacer thymine with adenine, the only other base that does not extend either the G- or C-run. Figure [2A](#F2){ref-type="fig"} shows that both dimeric and tetrameric ions (including \[2M\]^5−^ at *m/z* 1316.08, \[2M\]^4−^ at *m/z* 1645.59, \[4M\]^7−^ at *m/z* 1880.81 and \[4M\]^6−^ at *m/z* 2194.45) are observed in MS spectrum, indicating the coexistence of duplex and i-motif assemblies. In addition, CD spectrum of d(TG~3~AC~5~T) measured in acidic solution exhibits the characteristic peaks of the i-motif with a reasonable shift for the negative peak around 265 nm ([@B26]), while the characteristic peaks of A-type-duplex-containing hairpins are not observed (Figure [2D](#F2){ref-type="fig"}). We propose that d(TG~3~AC~5~T) forms tetrameric i-motifs because the adenine purine supports stacking over bending into the loop of a single-strand hairpin structure ([@B53]). Furthermore, the steric hindrance of paired adenines may be unfavorable to the formation of a bulged WC duplex.

![Mass spectra of assemblies of oligonucleotides with sequences (**A**) d(TG~3~AC~5~T), (**B**) d(TG~3~AC~5~) and (**C**) d(G~3~AC~5~T) at 60 μM in 50 mM NH~4~OAc (pH 4.5) after incubating the samples at 4°C for 4 days; (**D**) CD spectra of the three DNAs at pH 4.5.](gkw1049fig2){#F2}

It has been known that the flanking residues of DNA tetramers at both ends have significant effect on the strand association and structural stability ([@B54],[@B55]). Hence the 3′ end thymine of d(TG~3~AC~5~T) was removed. Figure [2B](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"} show that the tetramolecular ions of d(TG~3~AC~5~) are more abundant than that of d(TG~3~AC~5~T) (the percentage of tetramolecular ions changes from 39.22 to 79.95%). The CD spectra in Figure [2D](#F2){ref-type="fig"} indicate a sharp enhancement of the i-motif peaks under acidic conditions when the 3′ thymine is removed. In comparison, the removal of the 5′ thymine has little effect on the i-motif formation: both the abundance of tetramolecular ions in Figure [2C](#F2){ref-type="fig"} (the percentage of tetramolecular ions is 29.11%) and the CD signals of i-motif structure in Figure [2D](#F2){ref-type="fig"} have a slight decrease compared with the sequence d(TG~3~AC~5~T).

This indicates that d(TG~3~AC~5~) is most amenable to tetrameric i-motifs formation. I-motif structures can be classified into two types, 3′ E and 5′ E, determined by the outside terminus of the intercalated C•CH^+^ base pairs ([@B8],[@B13]). 3′ E and 5′ E i-motif structures with or without 3′ thymines of d(TG~3~AC~5~T) are depicted in Scheme [3](#F9){ref-type="fig"}. In both 3′ E and 5′ E, the C•CH^+^ base pairs from two orthogonal C-duplexes stack to place the 3′ thymine residues far from the central adenine residues. The distance between them is about 0.31 nm, which is similar to the space between two WC base pairs (about 0.34 nm) ([@B13],[@B56]). Consequently, the 3′ thymine and central adenine residues do not easily form A•T WC base pairs to further stabilize the i-motif structure. Furthermore, the 3′ thymine residues crowd the terminal regions of i-motif structures. A recent kinetics investigation demonstrated that the association rates of tetrameric i-motifs with partial (out of register) or full intercalation topology are comparable ([@B14]). By reducing the 3′ thymine residues, various i-motifs with partial registry will form along with the fully intercalated (registered) species without restrictions. This dynamically favors the formation of i-motifs when they compete with WC duplex structures. For these reasons, removing the 3′ thymine can promote the formation of i-motif structure dramatically.

![Schematic drawings of 3′ E and 5′ E fully intercalated tetramolecular i-motifs (**A**) with 3′ thymines \[d(TG~3~AC~5~T)\] and (**B**) without 3′ thymines \[d(TG~3~AC~5~)\].](gkw1049fig9){#F9}

Controlled assembly of TG~m~AC~n~ quadruplex DNA nanoarchitectures {#SEC3-3}
------------------------------------------------------------------

In our experiments, d(TG~3~AC~5~) forms a significant amount of i-motif with two parallel G-runs at each end. These parallel G-runs should serve as flexible branches to link two i-motif scaffolds through the formation of interstrand antiparallel or parallel G4s, as depicted in Scheme [4](#F10){ref-type="fig"}. Antiparallel association should give DNA quadruplex nanowires with alternating G4s and i-motifs, while parallel association would create G-quartet hubs surrounded i-motifs. Since both i-motifs and G4s have slow assembly kinetics ([@B14],[@B57]), it is possible that single i-motifs and G4s might be observed simultaneously as the oligonucleotide assembles into a supramolecular structure. These may be independent assemblies or partially associated supramolecular complexes that break down during ionization.

![Postulated quadruplex structures for d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~): (**A**) the tetrameric i-motif with G-rich overhangs at each terminal; (**B**) tetra-stranded parallel and antiparallel G-quadruplexes (G4s) with two pairs of protonated C-duplexes formed by d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~) respectively under acidic conditions; circle: purine; triangle: pyrimidine; in a G-tetrad, *anti* guanosines are indicated in white and *syn* guanosines are indicated in black; Supramolecular DNA structure that could assemble from oligonucleotide with sequences (**C**) d(TG~4~AC~7~) constructed by parallel tetra-strand G4s and antiparallel i-motifs; and (**D**) d(TG^Br^GG^Br^GAC~7~) formed by antiparallel tetra-strand G4s, antiparallel i-motifs and (or) parallel G4s.](gkw1049fig10){#F10}

No tetrameric ions with the appropriate number of cations corresponding to G4s were observed in mass spectra of d(TG~3~AC~5~). It could be that the three-nucleotide G-run is too short to support a stable tetrameric G4 in this context. Hence, we extended the length of G- and C-runs to d(TG~4~AC~6~). Supplementary Figure S5a shows that under acidic conditions allowing i-motifs, this strand produced tetrameric ions with three NH~4~^+^ ions (including \[4M + 3NH~4~^+^\]^7−^ at m/z 2067.62 and \[4M + 3NH~4~^+^\]^6−^ at *m/z* 2412.40), indicative of G4 structures, while no tetrameric ions are observed for d(TG~4~AC~6~) under alkaline conditions (Supplementary Figure S5b). Unfortunately, these tetramer species only represent a small proportion of the sum of all strands (17.57%). In particular, there are still strong peaks from monomers and dimers, indicating that a significant part of the sample is not in a tetraplex or more complex assemblage. Supplementary Figure S5c shows that NH~4~^+^ can enhance the CD signatures at 220, 245 and 265 nm obviously in comparison with Li^+^, suggesting the formation of parallel G4 in NH~4~^+^ solution. The difference spectrum of Li^+^ subtracted from NH~4~^+^ containing solutions, both taken at pH 4.5, does not give a typical profile of a parallel G4, which may be due to less abundant G4s formed (Supplementary Figure S5c, inset).

We added a central adenine to give d(TG~4~A~2~C~6~). Supplementary Figures S5d and e show that no tetrameric ions are observed for this strand in the presence NH~4~^+^ under both pH conditions. Solutions of this strand also produced no change in the CD signal when Li^+^ was substituted for NH~4~^+^ (Supplementary Figure S5f). The additional adenine is detrimental to tetramer formation.

The oligonucleotide with only one spacer A and one more C, d(TG~4~AC~7~), produces an abundance of tetrameric ions (Figure [3A](#F3){ref-type="fig"}: \[4M + 3NH~4~\]^6−^ at *m/z* 2605.23; \[4M + 3NH~4~\]^7−^ at *m/z* 2232.77; \[4M + 3NH~4~\]^8−^ at *m/z* 1953.56) that decrease significantly under alkaline conditions (from 49.07 to 0%; Supplementary Figure S6a). NH~4~^+^-adduct-free tetrameric i-motif ions were not observed under this condition; however, the CD difference spectrum obtained by subtracting the pH 9.0 spectrum from the pH 4.5 spectrum indicates the presence of C•CH^+^ base pairs (Supplementary Figure S6c, inset). Under acid conditions decreasing NH~4~^+^ ions from 50 to 30 mM, the lower abundant ions corresponding to i-motif tetrameric ions were observed (the ions with *m/z* at 2596.71 for 6-- and at 2225.60 for 7--) along with G4 tetrameric ions; continuously decreasing NH~4~^+^ ion concentrations, at 20 mM NH~4~^+^, the abundance of tetramolecular ions containing three NH~4~^+^ ions decreased drastically; at 10 mM NH~4~^+^, the G4s were even more unstable and only bimolecular ions were observed (data no shown). The G4 monomer units of d(TG~4~AC~7~) are more easily observed than i-motif monomer units, which may be due to a number of factors. G4s with protonated C-duplexes may be more stable than i-motifs with G-rich overhangs (Scheme [4A](#F10){ref-type="fig"} versus B), perhaps because the C\'s sequestered in C•CH^+^ pairs, and were unable to form WC pairs with G\'s ([@B22],[@B23]). When alkaline conditions release these C\'s they readily form WC pairs with the G\'s, preventing quadruplex formation.

![Mass spectra of assemblies of oligonucleotides with sequences (**A**) d(TG~4~AC~7~) and (**B**) d(TG^Br^GG^Br^GAC~7~) at 60 μM in 50 mM NH~4~OAc (pH 4.5) after incubating each sample at 4°C for 4 days; (**C** and **D**) CD spectra of the two sequences in pH 4.5 NH~4~OAc and pH 4.5 LiOAc buffers; inset: CD difference spectrum obtained by subtracting the CD spectrum with the LiOAc solution from the CD spectrum with the NH~4~OAc solution.](gkw1049fig3){#F3}

Tetramolecular ions adducted with NH~4~^+^ observed in our mass spectrum show good agreement with the G4s formed by d(TG~4~AC~7~) that specifically have three buried NH~4~^+^ ions among four stacked G-quartets (Figure [3A](#F3){ref-type="fig"}). In order to show that these NH~4~^+^ ions are not the ions adsorbed via electrostatic interactions with the phosphate backbone, MS/MS experiments for the d(TG~4~AC~7~) \[4M + 3NH~4~\]^x-^ ions were performed. Figure [4](#F4){ref-type="fig"} shows product-ion spectra of the d(TG~4~AC~7~) \[4M + 3NH~4~\]^7--^ ion (*m/z* = 2232.77) resulting from collision energies of 10, 20 and 30 eV. The separation of NH~4~^+^ ions is not significant until the collision energy reaches 30 eV. This energy is sufficient to disrupt interchain interactions ([@B37]); hence, the NH~4~^+^ ions can only dissociate upon disruption of the tetraplex.

![Product-ion spectra of d(TG~4~AC~7~) \[4M+3NH~4~\]^7−^ ion (*m/z* = 2232.77) for collision energies of (**A**) 10 eV, (**B**) 20 eV and (**C**) 30 eV.](gkw1049fig4){#F4}

I-motif formation and stability were investigated with UV melting experiments at 265 and 295 nm for the sequence d(TG~4~AC~7~) in pH 4.5 LiOAc buffer. Both melting curves give two apparent melting points around 50°C and 75°C, which are considered to be the dissociations of duplexes (including WC duplex and C-duplex) and i-motif structures, respectively (Supplementary Figure S7a). This conclusion is further supported by the UV melting experiment at pH 9.0 in LiOAc buffer solution, Supplementary Figure S7b. It shows only a single transition point at 260 and 265 nm, corresponding to the dissociation of WC duplex and the melting temperature (*T*~m~) of WC duplex obtained from the UV melting curve (at 260 and 265 nm) is about 60°C, while no obvious transition point is observed for the measurement at 295 nm. It is unwise to further increase the length of C-repeats since this may induce the formation of an intramolecular C^+^•GC triplex ([@B58]).

We next investigated the effect of modification of guanines on the formation and stability of tetramolecular G4s. It has been reported that the inclusion of two 8-methyl-2′-deoxyguanosine (M) residues in d(TMGMGT) promotes the formation of an unprecedented antiparallel tetra-stranded G4 in which two adjacent strands run in the same direction ([@B59]). Since a bromine atom has a similar size as a methyl group and the 8-bromoguanine residue has the same tendency to promote a *syn* glycosidic conformation ([@B7],[@B60]--[@B62]), we investigated the assembly properties of d(TG^Br^GG^Br^GAC~7~), where G^Br^ indicates an 8-bromoguanine residue. Figure [3B](#F3){ref-type="fig"} shows that under acidic conditions d(TG^Br^GG^Br^GAC~7~) forms tetrameric ions with three NH~4~^+^ ions corresponding to tetramolecular G4 structures (\[4M + 3NH~4~\]^8−^ at *m/z* 2032.45; \[4M + 3NH~4~\]^7−^ at *m/z* 2322.97). The CD difference spectrum (Figure [3D](#F3){ref-type="fig"}, inset) suggests that the tetrameric G4 is antiparallel as depicted in Scheme [4B](#F10){ref-type="fig"} based on previous reports ([@B59],[@B63]). As with d(TG~4~AC~7~), the tetramers were dissociated under alkaline conditions (Supplementary Figure S6b) and the CD difference spectrum obtained by subtracting the pH 9.0 spectrum from the pH 4.5 spectrum indicated the presence of C•CH^+^ base pairs under acidic conditions (Supplementary Figure S6d, inset). We are not able to observe larger species formed by d(TG~4~AC~7~) or d(TG^Br^GG^Br^GAC~7~) due to our instrument\'s *m/z* range limit.

The formation of quadruplex DNA nanoarchitectures was further indicated by non-denaturing polyacrylamide gel electrophoresis (PAGE). K^+^ ions can stabilize parallel G4s effectively, while Na^+^ and K^+^ ions have distinct effects on various types of antiparallel G4s ([@B3]). Consequently, d(TG~4~AC~7~) was mainly annealed in KOAc buffer solutions at pH 4.5 and pH 9.0 to ensure the desirable stability of the parallel G4 formed by GGGG-fragment in d(TG~4~AC~7~), and d(TG^Br^GG^Br^GAC~7~) was annealed in both KOAc and NaOAc buffer at the two pH\'s for the PAGE experiment since both parallel and antiparallel G4s may be formed by G^Br^GG^Br^G-fragment in d(TG^Br^GG^Br^GAC~7~). These gels run at pH 4.5 and 4°C in order to stabilize i-motifs. We believe that samples from higher pH\'s form only a small amount or no supramolecular DNA structures due to the pH drop upon loading and running in the gel, because the rate of formation of such supramolecular DNA structures is very slow at low temperature ([@B35]).

In accordance with the UV melting study, Figure [5](#F5){ref-type="fig"} shows that d(TG~4~AC~7~) incubated in pH 4.5 LiOAc solution has three obvious bands corresponding to single-, double-stranded structures and tetra-stranded i-motifs. However, d(TG~4~AC~7~) incubated in pH 9.0 KOAc solution has only two obvious bands corresponding to single- and double-stranded structures. The various smeared bands migrating slowly are believed to be supramolecular structures assembled by the oligonucleotide at pH 4.5 in the presence of K^+^. Similar results were also obtained for d(TG^Br^GG^Br^GAC~7~). The bands of single-stranded structures are much broader than the double-stranded structures under alkaline conditions. They are likely to contain two components: the open random coil conformation and the hairpin conformation, which may be exchanging. d(TG^Br^GG^Br^GAC~7~) forms larger structures at pH 4.5 with either Na^+^ or K^+^ ions. When K^+^ ions are present the structures stay at the top of the gel. Under this condition both parallel and antiparallel G4s can form. The dendritic clusters from parallel G-quartet assembly (Scheme [4D](#F10){ref-type="fig"}, right) may not enter the gel. It may also be that the supramolecular structures formed at pH 4.5 with K^+^ are more stable.

![Native electrophoretic mobility on 8% polyacrylamide at pH 4.5 of oligonucleotides d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~) in different buffers containing 100 mM cations after annealing DNA samples at 4°C for 1 week: Lane 1: a molecular mass ladder: 13, 26 and 39 bp; Lane 2: d(TG~4~AC~7~) with pH 4.5 LiOAc; Lane 3: d(TG~4~AC~7~) with pH 9.0 KOAc; Lane 4: d(TG~4~AC~7~) with pH 4.5 KOAc; Lane 5: d(TG^Br^GG^Br^GAC~7~) with pH 9.0 KOAc; Lane 6: d(TG^Br^GG^Br^GAC~7~) with pH 4.5 NaOAc; Lane 7: d(TG^Br^GG^Br^GAC~7~) with pH 4.5 KOAc; ss, single-stranded structures; sms, supramolecular structures.](gkw1049fig5){#F5}

Lastly, we provide evidence for the formation of DNA supramolecular structures directly using AFM. Figure [6A](#F6){ref-type="fig"} shows several small prolate ellipsoids \[blobs\] and V-shaped and ring-like aggregates formed at pH 4.5 in KOAc buffer by d(TG~4~AC~7~). The ellipsoids have diameters (height) around 3.2 nm and lengths of up to 60 nm. These are consistent with the dimensions of individual tetra-strand G4s or i-motifs, while the V-shaped and ring-like aggregates (4.5 nm in height) are consistent with larger multimers of tetra-strand G4s and i-motifs (Figure [6B](#F6){ref-type="fig"}) such as those depicted in Scheme [4C](#F10){ref-type="fig"} ([@B64],[@B65]). As expected, these structures were not observed at pH 9.0, suggesting the dissociation of these high-order structures and possible inhibition of tetrameric structures by competing WC interactions within and between strands (Figure [6C](#F6){ref-type="fig"}). We propose that the nanostructures formed by d(TG~4~AC~7~) are mainly constructed by parallel G4s and antiparallel i-motifs. In this case, the tetramers will assemble to be a 'V-shaped' structure in first step of polymerization. Meanwhile, the 'V-shaped' structures will further assemble to be a ring-like texture.

![AFM images with the scale bar of 200 nm for DNA quadruplex wires self-assembled from oligonucleotide sequences d(TG~4~AC~7~) (**A** and **C**) and d(TG^Br^GG^Br^GAC~7~) (**D** and **F**) with different solutions and height scales: (A and D) pH 4.5 KOAc buffer; (C and F) pH 9.0 NaOAc solution. The height and length profiles of the aggregates formed by d(TG~4~AC~7~) (**B**) and d(TG^Br^GG^Br^GAC~7~) (**E**) deposited on the freshly cleaved mica substrate follows the lines on (**A**) and (**C**) respectively. The triangles indicate the same points in the image and the height analysis. The arrows in (A) are used to point to DNA structures with different shapes and sizes.](gkw1049fig6){#F6}

When the counter ion is Na^+^, the structures formed at pH 4.5 are less regular and only some small ellipsoids and V-shaped aggregates, which may be catenated, were observed (Supplementary Data, Supplementary Figure S8a). This was in agreement with the reports that the K^+^ stabilizes parallel G4s better than Na^+^ ([@B3],[@B66]).

Even larger aggregates are seen by AFM with d(TG^Br^GG^Br^GAC~7~) (Figure [6D](#F6){ref-type="fig"}), including V-shaped and rod-like shape aggregates with an average height of 4.0 nm. These may be quadruplex nanowires ([@B64],[@B67],[@B68]) with alternating G4s and i-motifs. Figure [6E](#F6){ref-type="fig"} indicates that the lengths of these rod-like shape aggregates can get as long as 550 nm. Just as before, the quadruplex nanowires dissociate under alkaline conditions (Figure [6F](#F6){ref-type="fig"}). Both the parallel C-duplexes and the two G-repeats at each end are excellent junctions to further propagate the linear supramolecular DNA structures (Figure [6D](#F6){ref-type="fig"}). It should be noted that the V-shaped aggregates are also observed for d(TG^Br^GG^Br^GAC~7~) in pH 4.5 KOAc solution, indicating that both parallel and antiparallel four-stranded G4s form in the presence of K^+^ (Scheme [4D](#F10){ref-type="fig"}, right). However, only some small prolate ellipsoids and rod-like aggregates were observed in AFM image when the d(TG^Br^GG^Br^GAC~7~) strand was annealed in pH 4.5 NaOAc buffer (Supplementary Figure S8b).

We also investigated the solution-state behavior of three sequences d(TC~5~T), d(TG~3~AC~5~) and d(TG~4~AC~6~) observed by AFM. Supplementary Figure S9a--c show that only small prolate ellipsoids are formed by d(TC~5~T) and small amounts of V-shaped aggregates are produced by d(TG~3~AC~5~) and d(TG~4~AC~6~) respectively in pH 4.5 KOAc solutions, indicating that these sequences are unfavorable to form larger aggregates. Additionally, we investigated the effect of cation species and pH on the control of assembly of the supramolecular structures formed by d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~). Supplementary Figure S9d and g show that some prolate ellipsoids formed by d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~) respectively at pH 4.5 in LiOAc buffer solutions correspond to tetra-stranded i-motifs. These prolate ellipsoids can further assemble to give V-shaped or rod-like supramolecules when K^+^ ions are added into the pH 4.5 LiOAc solutions as shown in Supplementary Figure S9e and h. Similar results are also obtained when d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~) are annealed in pH 9.0 KOAc solution, and then the solution pH is adjusted to 4.5 (Supplementary Figure S9f and i). Hence, we propose that the assembly of quadruplex supramolecules can be controlled or reproduced; however, the structural transitions are less efficient in comparison with the assembling of them under optimum conditions, which may indicate a slow shift process.

CONCLUSIONS {#SEC4}
===========

A sequence with a long C-run and a shorter G-run can simultaneously form various DNA structures, including a hairpin, a WC duplex, a G4 and an i-motif under different conditions. This polymorphic property gives such oligonucleotides the potentiality to form supramolecular nanostructures. We found sequences that support the stable formation of tetra-stranded i-motifs with G-repeats at two ends by altering the position of G-repeats, by changing the linker between G- and C-repeats, and removing the terminal base of the C-repeat. Ultimately, we find that the sequences d(TG~m~AC~n~) (m \< n) have the ability to form four-stranded i-motif structures with relative long G-repeats at each terminus. Two sequences d(TG~4~AC~7~) and d(TG^Br^GG^Br^GAC~7~) were investigated under various conditions, utilizing the ability of each G-repeat to form stable parallel and antiparallel tetramolecular G4s, respectively. What is noteworthy is that both of two sequences form quadruplex nanowire structures under acidic conditions in the presence of specific metal cations. The nanowire structures formed by d(TG~4~AC~7~) are composed of antiparallel tetrameric i-motifs and parallel tetrameric G4s, which take on a V-shaped conformation (most likely two i-motif tetra-strand units and one G4 tetra-strand unit; Scheme [4C](#F10){ref-type="fig"} middle) and ring-like conformations (including additional i-motif and G4 tetra-strand units; Scheme [4C](#F10){ref-type="fig"} right). These aggregates resemble the products of DNA origami. On the other hand, the nanowire structures formed by d(TG^Br^GG^Br^GAC~7~) are made up of antiparallel tetra-strand i-motifs and antiparallel G4s to give linear DNA pillars stabilized by H^+^ and Na^+^ ions. Studies have shown that a single G-strand consisting of a number of 4*n* G-repeats can form higher-ordered structures containing *n* G4s ([@B69]--[@B71]). These require the synthesis of very long DNA pieces. Here, our results demonstrated that four-stranded G4s or (and) i-motifs formed from relatively short (G + C)-rich oligonucleotide sequence could also self-assemble to drive supramolecular structures under specific conditions. Furthermore, the association and dissociation of these nanostructures can be modulated by solution pH and metal cations, which may provide a mechanism for controllable molecular machines.
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